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Abstract. This paper studies the significance of large scale transport and pyrogenic (i.e, biomass burning) emissions in the production of tropospheric ozone in the tropics. Using aerosol index (AI) and tropospheric column ozone (TCO) time series from 1979 to 2000 derived from the Nimbus-7 and Earth Probe TOMS measurements, our study shows significant differences in the seasonal and spatial characteristics of pyrogenic emissions north and south of the equator in the African region and Brazil in South America.
Notwithstanding these differences, most of the observed seasonal characteristics are well simulated by the GEOS-CHEM global model of tropospheric chemistry. The only exception is the northern African region where modeled and observed TCO differ significantly. In the Indonesian region, the most significant increase in TCO occurred during September-December 1997, following large-scale forest and savanna fires associated with the El Niño-induced dry condition. The increase in TCO extended over most of the western Pacific well outside the burning region and was accompanied by a decrease in the eastern Pacific resembling a west-to-east dipole about the dateline. These features are well simulated in the GEOS-CHEM model which suggests that both the biomass burning and changes in meteorological conditions during El 
Introduction
It is generally recognized that pyrogenic (i.e, biomass burning) emissions produced by the forest and savanna fires in southern Africa and Brazil is a significant source of ozone-producing precursor gases which may produce 10-15 DU (Dobson unit) increases in tropospheric column ozone (TCO) in the south Atlantic region during austral spring [e.g, Fishman et al., 1996 , Thompson et al. 1996 , Jacob et al., 1996 and several related papers in the special issue of the Journal of Geophysical Research, 101, October 30, 1996] . However, recent studies based on 3D atmospheric chemistry and transport models suggest that the photochemical O 3 formation from biomass burning may be less important than was indicated in previous studies [e.g., Lelieveld and Dentener, 1999; Marufu et al., 2000, Moxim and Levy, 2000] . The significance of biomass burning in producing seasonal and zonal anomalies in ozone in the tropics was recently discussed by Ziemke and Chandra [1999] based on 20 years (1979-1998) of TCO time series derived from the convective cloud differential (CCD) method using total ozone mapping spectrometer (TOMS) version 7 retrievals. Their study showed that the amplitude of the annual cycle in the south Atlantic region peaks at about the same time (September and October) from 15 o N to 15 o S even though the biomass burning in the African region occurs at different times over north and south of the equator. Such a phase lag was not observed following the large scale burning of forest fires in the tropical rainforest of Kalimantan and Sumatra during the El Niño of 1997-98. During September of 1997, when the forest fires were most intense in this region, the TCO increased to about 40-50 DU without any significant phase lag Ziemke and Chandra, 1999] . These values were comparable to values usually observed in the south Atlantic region. In fact the increase in TCO after the Indonesian fires was not limited to this region but extended over thousands of kilometers from the southern part of India in the northern hemisphere to Fiji in the south, and far eastward to Samoa in the southeast, east of the dateline. Recently Thompson et al. [2001a] have reported similar results based on tropospheric column ozone derived from TOMS data using a modified residual method. The question if such a widespread increase in TCO was caused by forest fires over Kalimantan and Sumatra covering a relatively small area of about 45,600 km 2 or by changes in largescale transport induced by the 1997 El Niño is of considerable importance in understanding the significance that biomass burning has in the photochemical formation of O 3 in the troposphere.
The effect of Indonesian fires on tropospheric ozone was estimated by Hauglustaine et al. [1999] using a global chemical transport model. Using emission rates of ozone precursor gases given by Levine et al. [1999] , they estimated an increase of 20-25 DU in TCO over source regions (Sumatra and Kalimantan), in general agreement with the estimates given by Chandra et al. [1998] . However, the estimated ozone amount outside the source region was significantly lower. It is difficult to estimate the temporal and long range implications of these calculations since dynamical conditions prevailing during the El Niño of 1997
were not taken into account.
The 1997 El Niño event was unique since the unusual forest fires in Indonesia were preceded by the normal burning seasons in Brazil and southern Africa. The purpose of this paper is to study the possible role of these events on tropospheric ozone which was significantly elevated for several months over half the tropical belt encompassing South America, Southern Africa, and Indonesia. Our study is based on nearly 22 years of TCO time series derived from the CCD method by combining Nimbus-7
and Earth Probe version 7 TOMS data. During the 1997 El Niño period a number of ozonesondes in different regions of the tropics were operating under the SHADOZ (Southern Hemisphere Additional Ozonesondes) program which was initiated by NASA/Goddard Space Flight Center in 1998 with the participation of a number of US and international investigators [Thompson et al., 2001b] . The ozone profiles from some of these regions are used in this study for cross validation with the CCD data and for inferring relative changes in the upper and lower troposphere during the El Niño period. The biomass burning events are inferred from the TOMS aerosol smoke index (AI) [Hsu et al., 1996] . The relative contributions of biomass burning and transport on tropospheric column ozone and ozone profile are estimated using the GEOS-CHEM global 3-D model of tropospheric chemistry and transport driven by assimilated meteorological fields during 1996-1997 period [Bey et al., 2001a] .
Aerosol Smoke Index (AI)
The biomass burning events are generally inferred from the fire count maps derived from the Along-Track Scanning Radiometer (ATSR) night images (http:// shark1.esrin.esa.it/ionia/FIRE/AF/ATSR].
We have used the TOMS aerosol index as a proxy for biomass burning because it also represents biomass burning and more importantly, it has the same temporal and spatial coverage as TCO. AI is calculated from the ratio of a pair of ultraviolet wavelengths measured from TOMS instruments as follows [Hsu et al., 1996; Hsu et al., 1999] : 
GEOS-CHEM Atmospheric Chemistry and Transport Model
The GEOS-CHEM model [Bey et al., 2001a] , a three-dimensional global atmospheric chemistry and transport model, is used to simulate the tropical tropospheric ozone distribution. The model is driven by assimilated meteorological data, updated every three hours, from the Global Earth Observing System (GEOS) of the NASA Data Assimilation Office (DAO) [Schubert et al., 1993] . The model version used here has 26 vertical levels on a sigma coordinate (surface to 0.1 hPa), and a horizontal resolution of 4 o latitude by 5 o longitude. The model includes a detailed description of tropospheric ozone-NO xhydrocarbon chemistry. It solves the chemical evolution of about 120 species with a Gear solver [Jacobson and Turco, 1994] and transports 24 tracers. Photolysis rates are computed using the Fast-J radiative transfer algorithm [Wild et al., 2000] which includes Rayleigh scattering and Mie scattering by clouds and mineral dust. Emissions of NOx from lightning are linked to deep convection following the parameterization of Price and Rind [1992] as implemented by Wang et al. [1998] . Biogenic isoprene and NOx emissions from land are computed locally using modified versions of the Guenther et al. [1995] and Yienger and Levy [1995] algorithms, as described in Wang et al. [1998] and Bey et al. [2001a] . Extensive evaluations of the GEOS-CHEM chemical fields with observations are presented in a number of papers [Bey et al., 2001ab; Fiore et al., 2001; Kondo et al., 2001; Li et al., 2000; Liu et al., 2001; Martin et al., 2001; Palmer et al., 2001; Singh et al., 2000] . This simulation includes updates as described in Martin et al. [2001] . The most important updates are improved biomass burning and biofuels emission climatologies [R. Yevich and J. Logan, personal communication, 2001 ] and the determination of seasonal and interannual variation in biomass burning emissions from satellite observations which has been applied to 10 species including NO and CO. The interannual variation in biomass burning emissions over Oceania is of particular interest here. Duncan et al. [2001] estimate this variation from fifteen years of AI and three years of global fire-counts from the Along Track Scanning Radiometer (ATSR) World Fire Atlas [Arino and Rosaz, 1999] . They scale the monthly regional emissions to the normalized interannual AI variation in which the AI background and enhancements from volcanic eruptions were removed. The resulting emissions from Oceania in September and October 1997 are 0.52 and 0.36 Tg N respectively, compared with 0.02 Tg N in September and October 1996. They map the emissions onto the GEOS-CHEM grid according to the number of ATSR fire-counts in each grid square for each month. The interannual variation in biomass burning emissions is being used in model studies of aerosol emissions [Chin et al., 2001 ], pollution transport from Asia , and tropical tropospheric ozone ].
TCO and AI Climatologies
Plate 1 is the major source of aerosols. Unfortunately the AI measurement does not always indicate the presence of carbonaceous aerosol produced by biomass burning. Hsu et al. [1999] showed that the derived AI is linearly proportional to aerosol optical thickness (AOT) derived independently from ground-based sunphotometers over regions of biomass burning and regions covered by African dust. Hsu et al. [1999] suggested that the high values of AI (>0.7) in summer (Plate 1, third panel) are caused by savanna burnings in southern Africa. In northern Africa, high values of AI (Plate 1, first and second panels) are associated with both the desert dust and biomass burning. This picture is generally consistent with the monthly-mean fire count map derived from ATSR night images (not shown). Plate 1 suggests an apparent relation between AI and TCO south of the equator in the southern African region. TCO increased at about the same time as AI in JJA. However, TCO continued to increase over a much wider region extending to South America in the west and Indian Ocean in the east well after the JJA enhancement in AI.
In general, TCO peaks in September-October, about 2 months after AI reaches peak values around statistically not significant even though the TCO field over the same period is almost as robust as over the African region. A weaker AI field in Brazil appears to be in contradiction with the satellite fire count data in this region and may be caused by meteorological conditions in this region which are not the same as in southern Africa. This dependence on meteorological conditions may limit the usefulness of AI as a tracer of biomass burning plumes [Fenn et al., 1999] . Unfortunately, AI is the only global index available over the entire period of TOMS measurements.
TCO field during 1997 El Niño
The basic patterns of TCO and AI fields shown in Plate 1 do not change significantly from year-toyear except during El Niño years which are accompanied by a change in the convection pattern and biomass burning in the Indonesian region. This is seen in Plate 2 which shows AI and TCO fields for 1997. The observed TCO tends to have a broad peak in late fall (September-November) and a minimum in early spring (February-March) similar to TCO seasonality south of the equator (panel e). The model phase is just the opposite and seems to be consistent with the burning season in northern Africa as inferred from the AI index (Plates 1 and 2, LHS). This apparent discrepancy between model and observations is not understood and is discussed further in Martin et al. [2001] .
Comparison with Ozonesondes
The TCO, being a column ozone measurement, does not provide any information as to how different vertical regions of the troposphere were affected by biomass burning and large scale transport during the 1997 El Niño. To validate the model vertical structure, GEOS-CHEM ozone fields are compared with ozonesonde measurements for the total tropospheric ozone column, and also the column ozone amount in the lower (below 500 hPa) and the middle and the upper (above 500 hPa) troposphere. (Figures 2b and 2c) . It is interesting to note that most of this increase occurred in the upper troposphere (above 500 hPa) which is consistent with the downward motion in this region caused by the change in Walker circulation ]. This feature was also noted by Fujiwara et al. [2000] who attributed the upper tropospheric ozone enhancenent to transport of ozone from the troposphere and horizontal transport of ozone enriched air masses from the burning region west of Watukosek.
At Nairobi (Figure 3a ), CCD and ozonesonde time series are in remarkable agreement both with respect to their absolute values and temporal changes. They both show strong seasonal cycles with peak values of about 40 DU during September-October months, characteristic of the tropical Atlantic region.
They agree remarkably well with the GEOS-CHEM model over the 15 months of the simulation. The model also represents the observed changes in TCO above and below 500 hPa (Figures 3b and 3c ). An increase of about the same magnitude occurred over regions of the western Pacific including Indonesia.
These positive and negative changes were almost entirely due to the shift in the convection pattern from the western to the eastern Pacific and the related changes in the tropical circulation as discussed in . With the intensification of El Niño, the Indonesian region showed a rapid buildup of ozone over a considerably larger area than affected by forest fires (e.g., plates 5 and 6, middle panels). However, the photochemical model developed at the Center for Climate System Research, University of Tokyo, Japan.
They were able to simulate most of the observed changes in tropospheric ozone reported by Chandra et al.
[1998] and concluded, as in this paper, that both the biomass burning and the changes in meteorological conditions (e.g., low convective activity, sparse precipitation, dry air condition, large scale dynamical changes) contributed almost equally to the observed enhancement in tropospheric ozone in the Indonesian region.
El Niño and Interannual Variability
Since El Niño related dynamical changes in the tropical Pacific region produce both positive and negative anomalies, they tend to cancel each other in the zonally averaged data. It is therefore useful to integrate TCO over the tropical region and estimate the net increase in TCO which may be attributed to pyrogenic sources. Figure Thompson et al. [2001a] using tropospheric ozone and AI data showed that decoupling of equatorial ozone and burning occurs over South America an Indonesia as well. Even in 1997 when intense biomass fires in August through October led to ozone pollution over the Indonesian maritime continent, Thompson et al. [2001a] showed that subsidence associated with the onset of the El Nino and Indian Ocean Dipole caused a 20 DU tropospheric ozone increase 5 months prior to the fires. Thus biomass burning may not be the main cause for an increase in tropospheric ozone. Ziemke and Chandra [1999] and Chandra et al. [2000] have shown that in addition to El Niño which primarily affects the eastern and western Pacific regions, the interannual variability in TCO is also influenced by the QBO and the solar cycle. Since dynamical components of El Niño tend to cancel out in the zonally averaged data and biomass burning is believed to be the dominant contributor to interannual variability in tropical NO x emissions, the interannual variability in TCO should primarily reflect the effects of biomass burning, QBO and solar cycle. These effects are clearly discernable in Figure Chandra et al. [1999] for the marine atmosphere in the tropics. The magnitude of QBO and solar cycle components in Figure 6 can be estimated using a linear regression model [discussed by Ziemke and Chandra, 1999] . For TCO, the peak-to-peak amplitudes for the QBO and solar cycle components are respectively 5.5 ± 3.8(2F) Tg and 5.6 ±3.3(2F).Tg. Assuming a mean value of 77 Tg, this corresponds to a peak-to-peak modulation of about 7% by both the QBO and solar cycle.
Summary and Conclusions
In this paper we have studied the possible role of biomass burning in producing seasonal and In the Indonesian region, the climatological values of AI are statistically not significant in any season except during September-October 1997 after the large-scale biomass burning which included both forest fires and Savanna fires. Our study has shown that TCO in this region began to increase before the onset of major fire events and reached peak values of 50-60 DU during September and October of 1997.
The elevated values of TCO persisted for several months after the fire events subsided. During the entire El Niño episode, the increase in TCO was not limited to the biomass burning regions of Sumatra and 
